INTRODUCTION
Self-assembly and deposition of proteins into amyloid fibrils and plaques are phenomena that currently have been linked to around 20 different human diseases [1] . The long unbranched fibrils that constitute amyloid typically have a diameter between 50-130 Å (1 Å = 0.1 nm) and a characteristic cross-β pattern in which β-strands are arranged perpendicular to the fibrillar axis [2] [3] [4] [5] . The best known example of such a disorder is AD (Alzheimer's disease), which is correlated with the aggregation of an endogenic peptide denoted Aβ (amyloid-β)-peptide [6] [7] [8] [9] [10] [11] [12] . The Aβ-peptide is a result of proteolytic processing of the membrane-bound amyloid precursor protein. This excision generates an ensemble of peptides with various lengths, where each species exhibits rather distinct biophysical properties. The clinically most relevant fragments include 39-43 residues, of which the Aβ and Aβ peptides are the most abundant [13] . Although the ratio between Aβ(1-40) and Aβ peptides in the human body is about 7:1, the Aβ(1-42) variant is overrepresented in senile plaques, and is also present in the first deposits found during disease development [14, 15] . Moreover, overproduction of Aβ has been linked to early onset of AD [16, 17] and recent experiments in an AD mouse model suggest that selective inhibition of the Aβ(1-42) variant abolishes the disease [18] . Although at present the cytotoxic mechanism in vivo is not completely understood, the correlation with aggregation of the Aβ-peptide is convincing [6] [7] [8] [9] [10] [11] . Hence one potential therapeutic approach involves design of inhibitors of the Aβ-assembly. Therefore a thorough knowledge about the molecular architecture of the fibrillar states of Aβ peptides is necessary. In particular, it is of interest to compare the structure of the more aggregation prone Aβ(1-42) variant with its shorter counterparts.
Structural studies of amyloid are hampered by its non-crystalline and solid nature where conventional methods using crystal diffraction and liquid NMR cannot be readily employed. An alternative technique is solid-state NMR, a method that has been used extensively to successfully investigate the structure of fibrils from Aβ , Aβ and Aβ peptides [19] [20] [21] [22] [23] [24] . More recently, the combined use of quenched H/D (hydrogen/deuterium)-exchange and solution NMR spectroscopy has proven extremely valuable for studies of the structural and dynamic properties of amyloid fibrils [25] [26] [27] [28] [29] [30] [31] , including fibrils from both the Aβ and Aβ variants [26, 30, 31] . With this method, identification of the core region of a fibril is possible since the secondary structure and solvent exclusion in the core protect the labile amide protons from exchanging with the surrounding deuterons. After a designated incubation time in 2 H 2 O the solvent protection is trapped via a rapid conversion of the fibrils into a monomeric and NMR-detectable state during conditions of low back-exchange. By following the post-trap decay of the H/D-exchange the method pinpoints the fibrillar core in a residue-specific and quantitative manner. Applying this method to Aβ(1-42) fibrils we previously identified two solvent-protected core regions, comprising residues Glu 11 -Gly 25 and Lys 28 -Ala 42 [26, 30, 31] . The residues in between, Ser 26 and Asn 27 , as well as the N-terminal residues, Asp 1 -Tyr 10 , were solvent accessible. These findings agree with the most recent fibrillar models derived from solid-state NMR data [23, 24] , but differ somewhat from similar H/D-exchange NMR studies [26, 30, 31] . Detailed comparisons of the various studies on Aβ-fibrils are Abbreviations used: Aβ, amyloid-β; AD, Alzheimer's disease; AFM, atomic force microscopy; H/D, hydrogen/deuterium; HSQC, heteronuclear singlequantum coherence; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser enhancement spectroscopy. 1 Correspondence can be addressed to either of these authors (email anders.olofsson@ucmp.umu.se or anders.ohman@ucmp.umu.se).
however complex, since recent quenched H/D-exchange NMR and solid-state NMR data indicate that rather subtle changes in fibril-growth conditions significantly affect the fibrillar structure. In order to identify discriminating features between Aβ(1-40) and Aβ(1-42) fibrils, we have performed quenched H/Dexchange NMR on Aβ(1-40) fibrils prepared under conditions identical to the ones used in our previous investigation on the Aβ(1-42) fibrils [31] . Two highly protected core regions were identified in agreement with our results for the Aβ(1-42) fibrils. However, a significantly higher protection of the N-terminal region, as well as a reduced solvent protection for the C-terminal residues, discriminate the Aβ(1-40) from the Aβ(1-42) fibrillar structure and provide new structural data for current models of Aβ architecture. Isotope-enriched chemicals were purchased from Cambridge Isotope Laboratories. Uniformly 15 N-labelled Aβ(1-40) was obtained from Alexo-Tech (www.alexo-tech.com). The NMR sample used for resonance assignment contained ∼ 2 mM recombinant Aβ and was prepared in 80 % HFIP (1,1,1,3,3,3-hexafluoroisopropanol-D2)/20 % H 2 O and 150 mM NaCl at pH 3.0, as described previously [31] . Homonuclear twodimensional clean-TOCSY and heteronuclear two-dimensional 15 N-HSQC (heteronuclear single-quantum coherence), as well as three-dimensional 15 N-DIPSI-HSQC (where DIPSI is decoupling in the presence of scalar interactions) and 15 N-NOESY-HSQC (where NOESY is nuclear Overhauser enhancement spectroscopy) experiments were collected at 15
• C on a 600 MHz Bruker AVANCE spectrometer, equipped with a 5 mm triple-resonance, pulsed-field z-gradient cryoprobe. Recorded experiments were processed using NMRPipe [32] and the sequence-specific backbone resonance assignment was determined with Ansig for Windows [33] .
H/D-exchange of Aβ(1-40) fibrils
The fibril samples for the H/D-exchange experiments were produced, treated and analysed by NMR in a manner identical to our previous work on Aβ fibrils [31] . Briefly, fibrils were grown by incubating a sample of 1 mM 15 N-labelled Aβ(1-40) in 5 mM phosphate buffer (pH 7.0) containing 50 mM NaCl, at 37
• C for 5-8 days with agitation at 130 rpm. Immediately after dissolution and prior to fibril formation the peptide displays a CD spectrum characteristic for a primarily random coil conformation (results not shown). The fibril solution was divided into three aliquots and the pellets were recovered by short centrifugations at 13 000 g. The H/D-exchange was initiated by diluting the pellets 30 times using a 2 H 2 O-solution and 50 mM NaCl (p 2 H 6.6). The fibrils were recovered through centrifugation (13 000 g for 2 min at 37
• C) and the washing procedure repeated once to remove residual H 2 O and soluble material. Subsequently, two of the aliquots were incubated in 2 H 2 O for 2 and 24 h respectively, including the period for the buffer-exchange procedure. The third aliquot contained fully protonated fibrils and served as a control, to discriminate between rapid exchange as a result of the experimental procedure and exchange as a result of the preceding incubation in 2 H 2 O. At the end of the incubation period the fibrils in all three fibril samples were rapidly converted into NMR-detectable monomers as described in [31] , in 80 % HFIP/20 % 2 H 2 O and 150 mM NaCl (p 2 H 2.6), a solution known to induce a significant fraction of α-helicity in Aβ-peptides [34] . Each sample acquired a peptide concentration corresponding to approximately 2 mM monomeric Aβ . Hydrogen exchange was subsequently monitored by recording a series of heteronuclear two-dimensional 15 N-HSQC experiments, typically started 6-8 min after fibril dissolution. The acquisition time for each 15 N-HSQC experiment was 10 min using four transients per increment and 128 (t 1 ) × 1024 (t 2 ) complex data points. Prior to each 15 N-HSQC experiment a one-dimensional proton NMR spectrum was recorded to quantitatively monitor the dissolution of fibrils into monomers.
Data analysis and structural modelling
Processing and analysis of one-dimensional experiments were carried out in TOPSPIN (Bruker Biospin), while processing of the recorded 15 N-HSQC-experiment was performed in NMRPipe [32] . Peak volumes in baseline-corrected 15 N-HSQC experiments were determined using NMRView software routines [35] . The non-exchangeable methyl region in the recorded series of onedimensional spectra was integrated and fitted to a single exponential function to determine the relative monomer concentration of the samples and the rates of fibril dissolution. This was taken into account when the intensities of individual amide resonances in the series of 15 N-HSQC spectra were fitted to a single exponential decay in the software Grace. By extrapolating the intensities to zero time the signal intensity in the fibrillar state was obtained. Residue-specific protection ratios were determined from the signal intensity ratio of a sample pre-incubated in 2 H 2 O and the fully protonated control. The experimental uncertainty of the protection ratios were determined by propagation of errors using the standard deviations of the fitted exponentials. It is important to stress the significance of analysing the decay of the fully protonated control as this makes it possible to discriminate between exchanging protons in the fibrillar and monomeric state. A detailed description of the analysis procedure is found in our previous study on Aβ [31] . Protection ratios were mapped onto a model of the fibrillar structure of Aβ(1-40) using MOLMOL [36] . This model was prepared from the coordinates of the recent solid-state NMR model of the Aβ(9-40) fibril, provided by Dr Robert Tycko [19] , to which the missing Nterminal residues were added from the co-ordinates of a structure of Aβ(1-16) (PDB code: 1ZE7) [37] . From this new Aβ(1-40) fibrillar model, a model of a Aβ(1-42) fibril was generated by adding the two additional C-terminal residues from our previous Aβ(1-42) model [31] and by placing the two filaments in a recently proposed shifted arrangement [24] . Details about various fibrillar models are described further below in the Discussion section. Modifications and energy minimization of the models were performed in MOLMOL [36] and Swiss-PdbViewer [38] .
AFM (atomic force microscopy)
A portion of the Aβ(1-40) fibril solution was diluted in 10 mM phosphate buffer (pH 7.0) containing 50 mM NaCl, to approximately 5 µM peptide solution that was applied onto freshly cleaved ruby red mica (Goodfellow). The solution was allowed to adsorb for 30 s, followed by washing with distilled water three times and air drying. Analysis was performed using a Nanoscope IIIa multimode AFM (Digital Instruments) in tapping Mode TM in air. A silicon probe was oscillated at around 280 kHz, and images were collected at an optimized scan rate corresponding to 1 Hz. The images were flattened and presented in amplitude mode using Nanoscope software (Digital Instruments). 
RESULTS

Sequence specific backbone assignment of Aβ(1-40) monomers in solution
The recorded spectra were of high quality with good dispersion and few overlapping resonances. The sequence-specific backbone resonance assignment was determined from the NOESY spectrum via a sequential walk between backbone amide resonances and via characteristic α-helical sequential or medium-range NOE (nuclear Overhauser effect) resonances. All of the 39 backbone amide resonances (residues 2-40) could be identified and only two of these, Asn 27 and Ile 32 , showed significant overlap. This ambiguity, however, does not affect the analysis of the H/D-exchange as discussed below. Overall the assignment agreed extremely well with our assignments for Aβ [31] , and chemical shift differences were mainly detected in the C-terminal region of the peptides.
Fibril formation and AFM analysis of Aβ(1-40)
Fibrils were formed by incubating a sample containing 1 mM 15 Nlabelled Aβ(1-40) peptide in 5 mM phosphate buffer (pH 7.0) containing 50 mM NaCl, for 5-8 days at 37
• C with agitation at 130 rpm. The peptide solution acquired a gel-like appearance and the presence of fibrils was verified by AFM ( Figure 1A) . The fibrils were of various lengths, 100-500 nm, with a height of 3.5-7 nm and smooth morphology.
Determination of protection ratios of Aβ(1-40) fibrils
Fibrillar material was collected by centrifugation and H/Dexchange was carried out by resuspension and incubation of the fibrillar pellets in 2 H 2 O. The conversion of fibrils into NMRdetectable monomers followed a single exponential function with an average rate constant of 0.0028 min −1 . More than 91% of the total fibril material was dissolved prior to the first 15 N-HSQC spectrum. A spectrum of the fully protonated peptide is shown . ᭺ correspond to a protection ratio of 0 % and × represent residues which exchange too fast in the monomeric state to enable detection. Error bars show the experimental uncertainty of the measurements, determined by error propagation using S.D.
in Figure 2 Figure 3 . The solvent protection patterns for fibrils that were pre-incubated in 2 H 2 O for 2 or 24 h are shown in Figure 4 (A). A total of 35 residues were protected and the protection ratio in general decreased with exchange time, 66 % and 60 % overall ratio at 2 and 24 h respectively. Two well-protected bell-shaped regions were identified covering residues Ser 8 -Gly 25 27 and Ile 32 are overlapping, the signal decay rate had to be fitted to a bi-exponential function. Their decay rates were unambiguously assigned through comparisons with the decay rates for these residues in our Aβ(1-42) study [31] and in H/D exchange NMR experiments performed on Aβ(1-40) under slightly different solvent conditions where these resonances were not overlapping (results not shown). The protection ratio determined for Asn 27 is less accurate since it has a lower signal intensity and much faster exchange rate than Ile 32 (0.0318 compared with 0.0008 min −1 ). Fast amide proton exchange rates within the monomeric structure are also the origin of experimental uncertainties of the fibrillar protection ratios. Figure 4( [31] .
DISCUSSION
The structural organization of fibrils from either Aβ or Aβ(1-42) peptides have been extensively investigated, resulting in several proposed models all with a characteristic cross-β structure (reviewed in [39, 40] ). Solid-state NMR studies on Aβ fibrils have significantly contributed to the understanding of the fibril architecture, and suggest a fibrillar model in which the Aβ-peptide attains two β-strands that stack perpendicular to the fibrillar axis, forming a filament structure of two separate in-register parallel β-sheets [21, 22] . Scanning transmission electron microscopy in combination with solid-state NMR studies furthermore suggests that the smallest fibrillar form under physiological conditions includes two filaments [21] arranged in an anti-parallel fashion [23, 24] . Fibril cross-sections describing the suggested molecular structures as well as the filament arrangements for Aβ and Aβ(1-42) fibrils respectively, are schematically shown in Figures 5(A) and 5(B) . Two alternative models have also been described: the Aβ(1-40) fibril model shown in Figure 5 (C) derived through scanning cysteine mutagenesis and threading analysis [41,41a] , and the Aβ(1-42) fibril model shown in Figure 5 (D) derived from double compensatory mutagenesis in combination with H/D-exchange NMR [30] . Although most of the recently presented structural information on Aβ-fibrils is similar, it is increasingly evident that minor alterations of the solvent conditions and procedures for fibril preparation have a significant impact on the corresponding structures. Interestingly, a recent study clearly establishes a correlation between Aβ-fibrillar structure and neurotoxicity [9] . This observation may in part explain previously diverging results for Aβ toxicity, and it highlights the need for further structural studies. The substantial differences between Aβ(1-40) and Aβ(1-42) with regard to their aggregation propensity and role in AD pathology make it important to identify structural discrepancies in their fibrillar forms. Previous studies are difficult to compare since different fibril growth conditions were used.
In the present study we have determined the solvent protection pattern of fibrils from Aβ(1-40), see Figure 4 (A). These fibrils display two well-protected bell-shaped regions, Ser 8 -Gly 25 and Gly 27 -Val 40 , and a poorly protected residue, Ser 26 , consistent with a structural arrangement of two β-strands connected by a turn, in agreement with a current solid-state NMR model ( Figure 5A ) [42] . Furthermore, the partially protected N-terminal residues, in particular Phe 4 and Arg 5 , indicate the presence of additional secondary structure in this region. This observation is consistent with results from a limited proteolysis study, where approximately 20 % of the total sample was resistant to proteolytic digest in the N-terminal region [43] . The bell-shaped protection pattern for Ser 8 -Gly 25 and partial protection for residues Phe 4 and Arg 5 suggest a possible extension of the first β-strand (comprising residues 10-22 in the model, Figure 5A ) towards the N-terminus. However, the unprotected His 6 residue indicates an interruption of the secondary structure. The data therefore imply that the two residues, Phe 4 and Arg 5 , are involved in a new structural element which forms additional intra-or inter-molecular hydrogen bonds. Residual structures in the N-terminal region of monomeric Aβ(1-16) and Aβ(1-40) have previously been identified in aqueous solution from NOE data and secondary chemical shifts [37, 44] . According to our results these structures are stabilized within and Aβ respectively. The model is based on the structural model by Tycko and co-workers [23] , the solution structure of Aβ (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) [37] , our previous study [31] , and the recently proposed filament packing arrangement [24] . The image was prepared in MOLMOL [36] .
the ordered environment of a fibril. The N-terminal region is known to bind divalent metal ions, such as copper and zinc, and has a propensity to form a secondary structure in which metals are co-ordinated by the side chains of His 6 , His 13 , His 14 and possibly Tyr 10 or Glu 11 [37, 45] . To verify that our results were not influenced by trace amounts of divalent metals, peptide purification and H/D-exchange NMR analysis were repeated in the presence of 2 mM EDTA. The results showed virtually identical protection patterns (results not shown). The partial protection observed for the C-terminal residues of the Aβ(1-40) peptide, Gly 37 -Val 40 , is indicative of a less structured C-terminus. A fairly exposed C-terminus in Aβ fibrils is supported by several investigations where quenched H/D-exchange [26] , proteolytic digests in combination with MS [43] , proline and cysteine scanning mutagenesis [41, 46] , as well as solid-state NMR study [9] were used. Overall, the protection ratios across the peptide sequence show very little additional decay during a 24 h incubation time compared with 2 h. This is particularly true for the most protected residues in the β-sheet region, suggesting that they constitute a stable core of the fibril. Since the exchange rates of the amide protons may contain additional information about the intrinsic quaternary structure of the fibril, we are currently performing a detailed residue-specific analysis of the H/D-exchange kinetics.
Similar to our findings, the quenched H/D-exchange NMR study on Aβ(1-40) fibrils by Whittemore et al. [26] , also identified Gln 15 -Asp 23 as highly, Gly 37 -Val 40 as partially and Ser 26 as poorly protected residues. However, the present study identifies most N-terminal residues prior to position 15 as partially protected, while the Whittemore study only detected two partially protected residues, Glu 11 and Val 12 within this region. Discrepancies are also found in the C-terminal region, comprising residues Asn 27 -Val 36 , which is well-protected in the present study but displays an alternating pattern with protected and exposed residues in the Wittemore study. Since the fibrils used in these studies were prepared using different solvents and agitation, the most likely cause for the discrepancies is the different preparation methods.
A direct comparison of our data on Aβ(1-40) and Aβ fibrils is now possible since both studies were carried out using identical methods and fibril-forming conditions. AFM analysis displayed an overall similar ultrastructural morphology, where the filament height varied between 3.5 and 7 nm due to the occurrence of laterally assembled filaments. However, while the Aβ(1-40) fibrils were between 100-500 nm in length the fibrils of the Aβ(1-42) variant often exceeded several µm in length ( Figures 1A and 1B) . The solvent protection patterns of the two peptides showed clear discrepancies in both their N-and Cterminal regions (see Figures 4A-4C ). In comparison with Aβ , the N-terminal residues of Aβ(1-40), in particular Phe 4 and Arg 5 , are significantly more protected, showing that the additional C-terminal residues, Ile 41 and Val 42 in Aβ(1-42) fibrils, affect the formation of secondary structure and possibly metal binding in the N-terminal region. A speculative explanation for the lack of protection in the N-terminal part of Aβ(1-42) is that the two additional residues Ile 41 and Val 42 interact with the N-terminal part of the first β-strand and lock it in a position so it cannot participate in the formation of additional secondary structures in the N-terminal. The C-terminal residues Gly 37 -Val 40 of Aβ(1-40) show a clear reduction of solvent protection, indicative of a more buried C-terminus in the Aβ(1-42) fibrils. These results are in line with previous studies where Aβ fibrils, in comparison with Aβ(1-40) fibrils, show a higher sensitivity to proline substitutions in the C-terminal region [47] . A recent mutational analysis of the Aβ-sequence suggests that the main determinant for the aggregation propensity of Aβ(1-42) lies in the hydrophobicity of residues Ile 41 and Ala 42 [48] . These results support our previous suggestion that addition of the two most C-terminal residues of Aβ(1-42) may act as a molecular zipper between the cross-β units along the fibril axis, by adding additional hydrogen bonds to the Gly 37 -Ala 42 structural region [31] . We mapped the solvent protection ratios in Aβ(1-40) fibrils onto the model in Figure 5 (A), the model that best agrees with our data, see Figure 6 (A) and 6(B). There is also reasonable agreement between the protection ratios for Aβ(1-42) fibrils [31] and the Aβ(1-40) model, except for the C-terminal residues. To fully explain this protection pattern, it seems that the subunits within the Aβ(1-42) fibrils must shift with respect to each other as suggested in a recent solid-state NMR study ( Figure 5B) [23, 24] . The protection ratios for Aβ [31] mapped onto the model in Figure 5 Figures 4A and 4B) , creating a tightly packed hydrophobic core (Figures 6C and 6D ). This model fully accounts for our H/D-exchange NMR data on Aβ(1-42) fibrils [31] .
In conclusion, the present study presents the solvent protection pattern of Aβ(1-40) fibrils at a residue-specific level, relates the results to current models of Aβ-amyloid, and compares the data with similar NMR studies, in particular our previous work on the more aggregation prone Aβ(1-42) variant. Most notably, the results show that the N-terminal region of Aβ(1-40) comprising residues Phe 4 -His 14 is far better protected than in Aβ(1-42) fibrils, indicating formation of additional secondary structure in this part of the peptide. In contrast, the reduced protection of the C-terminal residues Gly 37 -Val 40 indicates a loss of secondary structure and suggests a shift in the filament assembly.
